Introduction
============

Multiple myeloma (MM) is a genetically complex disorder caused by monoclonal proliferation of abnormal plasma cells. MM accounts for 1% of all cancers and 10% of hematologic malignancies in the United States, and there are 101,000 deaths per year caused by MM around the world.^[@b1-1040155]^ Despite development of a variety of new therapeutic agents, including proteasome inhibitors, immunomodulatory drugs, monoclonal antibodies and histone deacetylase inhibitors, MM remains an incurable disorder.^[@b2-1040155]^

Epigenetic alterations such as aberrant DNA methylation and histone modification play key roles in the pathogenesis of MM and are thought to be potential therapeutic targets.^[@b3-1040155],[@b4-1040155]^ For instance, the histone deacetylase (HDAC) inhibitor panobinostat reportedly exerts synergistic anti-myeloma effects when combined with bortezomib and dexamethasone, yielding a complete or near complete response in 27.6% of patients with relapsed or relapsed and refractory MM.^[@b5-1040155]^ Notably, HDAC inhibitors appear to affect a wide variety of non-histone proteins in addition to histones, exerting anti-myeloma effects that include upregulation of *CDKN1A* and disruption of aggresomes.^[@b6-1040155]^ Methylation of histone lysine residues is a major epigenetic mechanism by which chromatin organization and gene expression are regulated.^[@b7-1040155]^ For instance, methylation of histone H3 lysine 4 (H3K4), H3K36 and H3K79 is asso ciated with active transcription, while methylation of H3K9 and H3K27 are well known to be repressive marks.^[@b7-1040155],[@b8-1040155]^ Moreover, dysregulation of histone methylation appears to be involved in the pathogenesis of MM. Mutations in genes encoding the histone modifiers H3K27 demethylase UTX (also known as KDM6A); H3K4 methyltransferases MLL, MLL2, and MLL3; H3K9 methyltransferase G9a (also known as EHMT2); and H3K36 methyltransferase MMSET (also known as WHSC1 or NSD2) have been detected in MM.^[@b9-1040155],[@b10-1040155]^ MMSET is overexpressed in MM with t(4;14), which leads to a global accumulation of H3K36 dimethylation (H3K36me2) and reduction of H3K27me3.^[@b11-1040155]^ EZH2 is also reportedly overexpressed in MM, is associated with a poor prognosis, and is considered a potential therapeutic target.^[@b12-1040155],[@b13-1040155]^ In the present study, we aimed to examine the pathological and therapeutic implications of histone methylation in MM.

Methods
=======

Cell lines and clinical specimens
---------------------------------

MM cell lines (RPMI-8226, MM.1S, KMS-11, KMS-12BM, KMS-12PE and U-266) were obtained and cultured as described previously.^[@b14-1040155]^ All cell lines were authenticated using short tandem repeat analysis performed by JCRB (Tokyo, Japan) or BEX (Tokyo, Japan) between 2015 and 2017. Total RNA and genomic DNA were extracted using RNeasy Mini Kits (Qiagen, Hilden, Germany) and QIAamp DNA Mini Kits (Qiagen) according to the manufacturer's instructions. Specimens of bone marrow or peripheral blood were respectively collected from MM or plasma cell leukemia (PCL) patients, after which CD138-positive cells were isolated using a MACS manual cell separator (Miltenyi Biotec, Bergisch Gladbach, Germany). CD138-positive cells were cultured for 24 hours in RPMI-1640 medium supplemented with 20% fetal bovine serum (FBS) and 1% penicillin/streptomycin/amphotericin B, after which drug treatment and cell viability assays were performed. This study was performed in accordance with the Declaration of Helsinki and was approved by the Institutional Review Board of Sapporo Medical University. Informed consent was obtained from all patients before specimen collection.

Reagents
--------

The H3K4 methyltransferase LSD1 inhibitor S2101 was purchased from Merck Millipore (Burlington, MA, USA). The LSD1 inhibitor GSK2879552, H3K27 methyltransferase EZH2 inhibitor GSK126, and H3K79 methyltransferase DOT1L inhibitor EPZ-5676 were all purchased from Chemietek (Indianapolis, IN, USA). The H3K9 methyltransferase G9a inhibitor UNC0638, H3K27 demethylase JMJD3/UTX inhibitor GSKJ1, DOT1L inhibitor SGC0946, and MYC inhibitor 10058-F4 were all purchased from Sigma-Aldrich (St. Louis, MO, USA).

Drug treatment and cell viability assay
---------------------------------------

To screen for anti-proliferative effects of histone methyltransferase or demethylase inhibitors, MM cell lines (3×10^4^ to 1×10^5^ cells/well in 6-well plate) were treated with the respective drugs at a concentration of 1 mM or with DMSO for up to 14 days, refreshing the medium and drugs every 3 to 4 days. Cell viabilities were assessed on days 3-4 and 11-14 using a Cell Counting Kit-8 (Dojindo, Kumamoto, Japan) and a microplate reader (Model 680; Bio-Rad, Hercules, CA, USA) according to the manufacturer's instructions. To further analyze the effect of DOT1L inhibitors, MM cell lines (2×10^4^ to 8×10^4^ cells/well in 6-well plate) or patient-derived CD138-positive cells (1.3×10^5^ to 3×10^5^ cells/well in 6-well plate) were treated with the respective inhibitors at 0.25-1 mM or with DMSO for up to 18 days, refreshing the medium and drug every 3 days.

Xenograft studies
-----------------

For xenograft studies, we used the *ex vivo* drug pre-treatment method.^[@b15-1040155],[@b16-1040155]^ RPMI-8226 cells were pre-treated for 3 days with 1 mM SGC0946 or EPZ-5676 or with DMSO, after which 1×10^7^ cells were suspended in 200 ml of RPMI-1640 medium and subcutaneously injected into the bilateral thighs of 6-week-old C.B-17 SCID mice. Tumor size was measured every 3 days using digital calipers, and tumor volume was calculated using the formula, length × width^2^/2. All animal experiments were conducted in compliance with the protocol approved by the Institutional Animal Care and Use Committee of Sapporo Medical University.

Results
=======

DOT1L is a potential therapeutic target in MM
---------------------------------------------

To determine whether histone methylation modifiers could be useful therapeutic targets in MM, we first tested the effects of the following compounds on proliferation of MM cell lines: the LSD1 inhibitors S2101 and GSK2879552, the G9a inhibitor UNC0638, the EZH2 inhibitor GSK126, the JMJD3 inhibitor GSKJ1 and the DOT1L inhibitor SGC0946 ([Figure 1A](#f1-1040155){ref-type="fig"}). Five MM cell lines were treated with the drugs (1 μM) for up to 14 days, and cell viabilities were assessed early (days 3-4) and late (days 11-14) during the treatment. We found that inhibitors of G9a, EZH2 and DOT1L each moderately suppressed proliferation of more than 2 MM cell lines at the early times ([Figure 1A](#f1-1040155){ref-type="fig"}). Longer treatment with these drugs led to stronger growth suppressive effects in most of the MM cell lines, though not in KMS-12PE cells ([Figure 1A](#f1-1040155){ref-type="fig"}). By contrast, the LSD1 inhibitors were less effective. We tested 2 LSD1 inhibitors (S2101 for KMS-12BM and MM.1S cells and GSK2879552 for RPMI-8226, KMS-12PE and U-266 cells), but neither suppressed MM cell proliferation and appeared to even promote it in most cases ([Figure 1A](#f1-1040155){ref-type="fig"}). Among them, we selected DOT1L for further analysis, because its inhibition had a strong anti-proliferative effect.

![Identification of DOT1L as a potential therapeutic target in MM. (A) Effects of inhibitors of histone methylation modifiers on MM cell proliferation. Shown are summarized results of cell viability assays in MM cell lines treated with the indicated drugs (1 mM) at early and late times. Results are normalized to cells treated with DMSO. The data are presented as means of 5 replications; error bars represent standard errors of means (SEMs). Statistical analyses compared cells treated with DMSO and those treated with the indicated drugs using *t*-tests (unpaired, two-sided). \* *P*\<0.05. (B) Comparison of *DOT1L* mRNA expression among normal plasma cells (NPC, n=22), monoclonal gammopathy of undetermined significance (MGUS, n=44), and smoldering multiple myeloma (SmMM, n=12) (left) and between SmMM (n=24) and symptomatic MM (SyMM, n=69) (right) using the indicated datasets. (C) qRT-PCR analysis of *DOT1L* in the indicated MM cell lines. Results are normalized to *ACTB* expression. Shown are means of 3 replications; error bars represent standard errors of means (SEMs).](104155.fig1){#f1-1040155}

Analysis using published data sets revealed that expression of *DOT1L* is increased during the progression from normal plasma cells (NPCs) to monoclonal gammopathy of undetermined significance (MGUS) and smoldering multiple myeloma (SmMM) ([Figure 1B](#f1-1040155){ref-type="fig"}). By contrast, we detected no significant difference in the levels of *DOT1L* expression between SmMM and symptomatic MM (SyMM) ([Figure 1B](#f1-1040155){ref-type="fig"}). qRT-PCR showed that *DOT1L* is expressed at various levels in the MM cell lines tested, irrespective of their sensitivity to the DOT1L inhibitor ([Figure 1C](#f1-1040155){ref-type="fig"}).

DOT1L inhibitors induce growth suppression, cell cycle arrest and apoptosis in MM cells
---------------------------------------------------------------------------------------

To further evaluate the therapeutic potential of DOT1L inhibition in MM, we treated MM cell lines with two DOT1L inhibitors, SGC0946 and EPZ-5676. Western blot analysis using an antibody specific for mono-, di-, and trimethylated H3K79 (H3K79me1/me2/me3) showed that treatment with either drug (1 mM, 3 days) significantly reduced levels of H3K79me1/me2/me3 in RPMI-8226 cells (*Online Supplementary Figure S1*) and strongly suppressed proliferation of RPMI-8226, MM.1S, KMS-11 and KMS-12BM cells ([Figure 2A](#f2-1040155){ref-type="fig"}). That the drugs were acting through DOT1L inhibition was confirmed by the finding that shRNA-mediated DOT1L knockdown moderately suppressed MM cell proliferation (*Online Supplementary Figure S2*). On the other hand, DOT1L inhibitors were less effective or ineffective in KMS-12PE and U-266 cells ([Figure 2A](#f2-1040155){ref-type="fig"}). Moreover, *ex vivo* treatment with SGC0946 or EPZ-5676 strongly suppressed tumor formation by MM cells in SCID mice ([Figure 2B](#f2-1040155){ref-type="fig"}, *Online Supplementary Figure S3*). To evaluate the effects of DOT1L inhibitors in primary tumors, we isolated CD138-positive cells from MM and PCL patients. We found that both drugs moderately suppressed the viability of primary tumor cells ([Figure 2C](#f2-1040155){ref-type="fig"}).

![Antitumor effects of DOT1L inhibitors in MM. (A) Results of cell viability assays in MM cell lines treated with the indicated concentrations of DOT1L inhibitors. Results are normalized to untreated cells. Shown are means of 3 replications; error bars represent SEMs. (B) Tumor growth in mice injected with RPMI-8226 cells pretreated with SGC0946 or EPZ-5676 (left thigh) or DMSO (right thigh). Growth curves are means of 5 replicates; error bars represent SEMs. (C) Results of cell viability assays in primary tumor cells. CD138-positive cells isolated from MM or PCL patients were treated with DOT1L inhibitors (1 μM) for the indicated periods. A summary of the patients is at the top. Shown are means of 3-6 replications; error bars represent SEMs. sPCL: secondary plasma cell leukemia; MPB: Melphalan + Prednisolone + Bortezomib; Bd: Bortezomib + Dexamethasone; Ld: Lenalidomide + Dexamethasone; MP: Melphalan + Prednisolone.](104155.fig2){#f2-1040155}

Cell cycle analysis using flow cytometry revealed that treatment with SGC0946 (1 mM, 6 days) or EPZ-5676 (1 mM, 6 days) led to increases in sub-G1 and G0-G1 phase populations and decreases in S phase populations in RPMI-8226 and MM.1S cells, which suggests DOT1L inhibition induces G1-S arrest and apoptosis ([Figure 3A](#f3-1040155){ref-type="fig"}). Induction of apoptosis by DOT1L inhibitors was confirmed using Annexin V staining assays ([Figure 3B](#f3-1040155){ref-type="fig"}, *Online Supplementary Figure S4*). Cell cycle and apoptosis were also analyzed at an earlier time point (3 days), and similar results were observed in RPMI-8226 cells (*Online Supplementary Figure S5*). By contrast, induction of cell cycle arrest and apoptosis were relatively limited in MM.1S cells at this time point, which is consistent with the results of the cell viability assays (*Online Supplementary Figure S5, Figure S2A*).

![Effects of DOT1L inhibitors on cell cycle and apoptosis in MM cells. (A) Results of cell cycle analysis in MM cells treated with the indicated DOT1L inhibitors (1mM, 6 days). Representative results are shown on the left. Summarized results of 3 replications are shown on the right; error bars represent SEMs. (B) Results of apoptosis assays in MM cell lines treated with the indicated DOT1L inhibitors (1mM, 6 days). The results were confirmed in at least 3 independent experiments, and representative results are shown (also see *Online Supplementary Figure S4*).](104155.fig3){#f3-1040155}

DOT1L inhibitors suppress IRF4 and MYC signaling in MM cells
------------------------------------------------------------

To clarify the molecular mechanism underlying the antitumor effects of DOT1L inhibition, we next analyzed H3K79me2 levels and gene expression status in MM cells. Earlier studies showed that 2 to 3 days of DOT1L inhibition resulted in evident depletion of H3K79me2 in tumor cells, while mRNA expression of target genes was signifi cantly reduced after 6 to 7 days of treatment.^[@b17-1040155],[@b18-1040155]^ We therefore performed ChIP-seq analysis of H3K79me2 in RPMI-8226 and MM.1S cells treated for 3 days with 1 mM SGC0946 or with DMSO, and gene expression microarray analysis with cells treated with the drug for 6 days. ChIP-seq analyses of RPMI-8226 and MM.1S cells respectively identified 4483 and 1590 genes at which H3K79me2 levels were significantly reduced by DOT1L inhibition ([Figure 4A](#f4-1040155){ref-type="fig"}, *Online Supplementary Tables S1 and S2*). Microarray analysis revealed that expression of 912 and 390 genes were downregulated (\> 1.5-fold) by SGC0946 in these cells (*Online Supplementary Tables S3 and S4*). Collectively, we identified 249 genes in RPMI-8226 cells in which both H3K79me2 and expression levels were significantly decreased by SGC0946, while 67 genes were similarly affected in MM.1S cells ([Figure 4A](#f4-1040155){ref-type="fig"}). We also identified 13 genes in which both H3K79me2 and expression levels were decreased in both cell lines and 123 genes in which either H3K79me2 levels or their expression levels were decreased in these cell lines ([Figure 4A](#f4-1040155){ref-type="fig"}). Among these, we noted that 4 genes associated with IRF4 and MYC signaling (*MYC, IRF4, PRDM1* and *KLF2*) were affected in both cell lines ([Figure 4A](#f4-1040155){ref-type="fig"}). Visualization of the ChIP-seq data clearly revealed decreased H3K79me2 levels in those 4 genes in both cell lines treated with SGC0946, though differential peak call analysis failed to detect *KLF2* in RPMI- 8226 cells ([Figure 4B](#f4-1040155){ref-type="fig"}). The decreased H3K79me2 levels in these genes in MM cells treated with DOT1L inhibitors were further confirmed by a ChIP-qPCR analysis ([Figure 4C](#f4-1040155){ref-type="fig"}). To validate binding of DOT1L to genes marked by H3K79me2, we performed ChIP qPCR and ChIP-seq analysis using an anti-DOT1L antibody. We observed enrichment of DOT1L in the IRF4-MYC signaling genes in both cell lines (Online Supplementary Figure S6).

![Analysis of H3K79me2 and gene expression levels in MM cells treated with DOT1L inhibitors. (A) Integrated analysis of H3K79me2 and gene expression levels in RPMI-8226 and MM.1S cells treated with SGC0946. Left; Venn diagrams of genes whose H3K79me2 or expression levels were suppressed (\> 1.5-fold) by SGC0946. Right; Genes indicated in the Venn diagram shown in boxes of their respective colors. Red letters indicate IRF4-MYC signaling genes. Gene expression was assessed in 2 replicates of microarray analyses, and H3K79me2 was assessed in a single ChIP seq analysis. (B) Representative results of ChIP-seq analyses showing decreased H3K79me2 levels at IRF4-MYC signaling genes induced by SGC0946. Results of input DNA are shown below. The numbers on the vertical axis indicate the numbers of sequence reads. Diff Peak: differential peak; TSS: transcription start site. Regions analyzed by ChIP-PCR are indicated by red arrows. (C) ChIP-qPCR analysis of IRF4-MYC signaling genes in MM cells treated with the indicated DOT1L inhibitors (1 mM, 3 days). Results are normalized to respective input DNAs. Shown are means of 3 replications; error bars represent SEMs. An intergenic region located 28 kb upstream of *KLF2* was used as a negative control. \**P*\<0.05; NS: not significant. (D) qRT-PCR analysis of IRF4-MYC signaling genes in MM cells treated with the indicated DOT1L inhibitors (1 mM, 6 days). Results are normalized to *ACTB* expression. Shown are means of 3 replications; error bars represent SEMs. \**P*\<0.05.](104155.fig4){#f4-1040155}

In addition, qRT-PCR analysis confirmed decreased expression of the 4 genes in MM cell lines treated with DOT1L inhibitors, though our microarray analysis failed to detect suppression of *MYC* by SGC0946 in MM.1S cells ([Figure 4D](#f4-1040155){ref-type="fig"}). We also confirmed decreased levels of MYC protein in MM cell lines treated with DOT1L inhibitors (*Online Supplementary Figure S7*), and we found that *IRF4* expression was downregulated by DOT1L knockdown in MM cells (*Online Supplementary Figure S2A*).

DOT1L inhibitors affect immune responses and interferon signaling in MM cells
-----------------------------------------------------------------------------

In addition to their suppressive effects on H3K79me2 and gene expression, DOT1L inhibitors also increased expression of a number of genes in MM cells. Microarray analysis showed that 1255 probe sets were upregulated (\>1.5-fold) by SGC0946 in RPMI-8226 cells, as were 492 probe sets in MM.1S cells (*Online Supplementary Tables S5 and S6*). Among them, 143 probe sets (including 125 protein coding genes) were upregulated in both cell lines (*Online Supplementary Figure S8A*). Gene ontology (GO) analysis suggested that genes involved in "immune system" and "immune response" were significantly enriched among the upregulated genes in both cell lines ([Figure 5A](#f5-1040155){ref-type="fig"}), while pathway analysis revealed that genes associated with "interferon (IFN) signaling" were significantly enriched among the upregulated genes ([Figure 5B](#f5-1040155){ref-type="fig"}). qRT-PCR analysis confirmed that a series of IFN-stimulated genes were upregulated by SGC0946 and EPZ-5676 in MM cells ([Figure 5C](#f5-1040155){ref-type="fig"}). However, ChIP-seq analysis showed that H3K79me2 levels were not significantly altered at these genes (*Online Supplementary Figure S8B*). This suggests DOT1L inhibitors may affect immune responses and IFN signaling through a H3K79me2-independent mechanism in MM cells.

![DOT1L inhibition affects immune responses and interferon signaling in MM cells. (A) GO analysis of genes of upregulated (\> 1.5-fold) by SGC0946 (1 mM, 6 days) in RPMI-8226 and MM.1S cells. (B) Pathway analysis of genes upregulated by SGC0946 in the indicated MM cell lines. (C) qRT-PCR analysis of interferon-stimulated genes in MM cells treated with the indicated DOT1L inhibitors. Results are normalized to *ACTB* expression. Shown are means of 3 replications; error bars represent SEMs. \**P*\<0.05; NS: not significant.](104155.fig5){#f5-1040155}

Gene mutations are potentially associated with the DOT1L sensitivity in MM cells
--------------------------------------------------------------------------------

Although the KMS-12BM and KMS-12PE cell lines were established from the same patient,^[@b19-1040155]^ KMS-12PE cells were less sensitive to DOT1L inhibitors and other epigenetic drugs than KMS-12BM cells ([Figures 1A](#f1-1040155){ref-type="fig"} and [2A](#f2-1040155){ref-type="fig"}). To determine the molecular mechanism underlying this difference in drug sensitivity, we carried out targeted sequencing of a panel of cancer-related genes in these cell lines. In the 409 genes analyzed, mutations were detected in 12 genes in KMS-12BM cells, while 14 mutations in 13 genes were detected in KMS-12PE cells ([Figure 6A](#f6-1040155){ref-type="fig"}, *Online Supplementary Table S7*). Among these mutations, 8 were found in both cell lines ([Figure 6A](#f6-1040155){ref-type="fig"}). Notably, KMS-12PE cells exhibited mutations in multiple histone modifier genes (*EP300, KMT2C* and *KMT2D*), but KMS-12BM cells did not ([Figure 6A](#f6-1040155){ref-type="fig"}).

![Factors potentially associated with the sensitivity of MM cells to DOT1L inhibitors. (A) Mutations of cancer-related genes detected in KMS-12BM and KMS-12PE. Genes shared by both cell lines are indicated by gray letters. fsDel: frameshift deletion. (B) qRT-PCR of *MYC* and *IRF4*. Results are normalized to *ACTB* expression. Shown are means of 3 replications; error bars represent SEMs. (C) Results of cell viability assays in KMS-12BM and KMS-12PE cells treated for 2 days with the indicated concentrations of the MYC inhibitor 10058-F4. Results are normalized to cells treated with DMSO. Shown are means of 3 replications; error bars represent SEMs. (D) qRT-PCR analysis of *MYC* and *IRF4* in KMS-12BM and KMS-12PE cells treated with the indicated DOT1L inhibitors (1 mM, 6 days). Shown are means of 3 replications; error bars represent SEMs. (E) Results of cell viability assays in KMS-12PE and U-266 cells subjected to extended DOT1L inhibitor treatment. Cells were treated with SGC0946 (1 mM) or DMSO for 9 days, after which 3×10^4^ cells were placed in a new 6-well plate and cell viabilities were assessed at the indicated times. Results are normalized to cells treated with DMSO. Shown are means of 3 replications; error bars represent SEMs. (F) Heat map showing genes downregulated (\> 1.5-fold) by SGC0946 (1 mM, 12 days) in KMS-12PE cells. (G, H) GO (G) and pathway (H) analyses of genes upregulated (\> 1.5-fold) by SGC0946 (1 mM, 12 days) in KMS-12PE cells. (I) Hypothesized mechanism underlying the antitumor effect of DOT1L inhibitors in MM cells.](104155.fig6){#f6-1040155}

Extended treatment enhances the effect of DOT1L inhibitors in MM cells
----------------------------------------------------------------------

We next clarified whether IRF4-MYC signaling is associated with the different sensitivities of KMS-12BM and KMS-12PE cells to DOT1L inhibitors. qRT-PCR revealed that *MYC* and *IRF4* were expressed at lower levels in KMS-12PE than KMS-12BM cells, suggesting lower IRF4-MYC signaling may be associated with the impaired anti-tumor effect of DOT1L inhibitors ([Figure 6B](#f6-1040155){ref-type="fig"}). Consistent with that idea, KMS-12PE cells were also less sensitive to the MYC inhibitor 10058-F4 than were KMS-12BM cells ([Figure 6C](#f6-1040155){ref-type="fig"}). By contrast, RPMI-8226 cells, which were sensitive to DOT1L inhibitors, were also highly sensitive to 10058-F4 (*Online Supplementary Figure S9*).

It is noteworthy, however, that DOT1L inhibitors suppressed expression of *MYC* and *IRF4* in KMS-12PE cells ([Figure 6D](#f6-1040155){ref-type="fig"}). Moreover, extended treatment with DOT1L inhibitors for up to 18 days led to strong growth suppression in the less sensitive KMS-12PE and U-266 cell lines ([Figure 6E](#f6-1040155){ref-type="fig"}). To clarify the mechanism underlying antitumor effect of the extended treatment, we performed gene expression microarray analysis with KMS-12PE cells treated with SGC0946 or DMSO for 12 days. This analysis identified 509 (401 unique genes) probe sets that were downregulated (\> 1.5-fold) and 865 (739 unique genes) that were upregulated (\> 1.5-fold) by SGC0946 in KMS-12PE cells (*Online Supplementary Tables S8 and S9*). Among them, multiple IRF4-MYC signaling genes were downregulated by SGC0946 ([Figure 6F](#f6-1040155){ref-type="fig"}). Moreover, gene ontology and pathway analyses showed that genes associated with "immune response" and "IFN signaling" were significantly enriched among the upregulated genes ([Figure 6G and H](#f6-1040155){ref-type="fig"}). These results demonstrate that the time required for DOT1L inhibitors to exert their effects varies among MM cells.

Discussion
==========

In the present study, we show that DOT1L inhibitors exerted a strong anti-myeloma effect. Expression of *DOT1L* is significantly higher in SmMM than NPC, suggesting DOT1L may be causally associated with myelomagenesis.

DOT1L is the only known histone methyltransferase that catalyzes mono-, di- and trimethylation at H3K79.^[@b20-1040155],[@b21-1040155]^ In mammals, most of H3K79 is unmethylated, and H3K79 methylation is linked to active transcription.^[@b20-1040155],[@b22-1040155]^ DOT1L is a component of large transcription complexes that also include transcription factors such as AF4, AF9, AF10, ENL and P-TEFb.^[@b20-1040155],[@b23-1040155]--[@b26-1040155]^ Within these complexes, DOT1L may initiate or sustain active transcription by mediating H3K79 methylation. DOT1L is also a potential drug target in mixed lineage leukemia (MLL) gene rearranged leukemia. DOT1L forms a complex with MLL fusion proteins, and DOT1L-mediated H3K79 methylation leads to enhanced expression of target oncogenes, including *HOXA9* and *MEIS1*.^[@b26-1040155],[@b27-1040155]^ Recent studies have demonstrated the selective and strong antitumor effects of DOT1L inhibitors against MLL-rearranged leukemia.^[@b17-1040155],[@b18-1040155],[@b28-1040155]^ Similarly, DOT1L is a potential therapeutic target in lung and breast cancer with high DOT1L expression and neuroblastoma with MYCN amplification.^[@b29-1040155]--[@b31-1040155]^

We found that DOT1L inhibition targets the IRF4-MYC axis in MM cells ([Figure 6I](#f6-1040155){ref-type="fig"}). Aberrant activation of several transcription factors, including MYC, MAF, NF-κB and IRF4, is involved in the development of MM.^[@b4-1040155]^ MM cell survival is strongly dependent on IRF4 and MYC, and *MYC* is a direct target gene of IRF4 transactivation, while *IRF4* is a direct target of MYC.^[@b32-1040155],[@b33-1040155]^ The IRF4-MYC axis is thus considered to be an important therapeutic target in MM, and a recent study showed that CBP/EP300 bromodomain inhibitors directly suppress IRF4 expression and inhibit MM cell viability.^[@b34-1040155]^ Moreover, dependence on the KDM3A-KLF2-IRF4 axis was recently reported in MM.^[@b35-1040155]^ KDM3A maintains *KLF2* and *IRF4* expression *via* H3K9 demethylation, and KLF2 directly targets *IRF4* while IRF4 reciprocally activates *KLF2*, forming a positive autoregulatory circuit.^[@b35-1040155]^ We found that DOT1L inhibition leads to decreased levels of H3K79me2 and repression of *IRF4* and its target genes, including *MYC, PRDM1* (also known as *BLIMP1*) and *KLF2* in MM cells.^[@b32-1040155]^ As previously shown, H3K79me2 peaked just behind the transcriptional start site of the active genes and gradually declined over the course of the gene body,^[@b20-1040155],[@b36-1040155]^ and it was significantly depleted in MM cells treated with a DOT1L inhibitor.

We found that genes associated with immune responses and IFN signaling were significantly upregulated by DOT1L inhibition in MM cells. The potential of IFN in the clinical treatment of MM has long been recognized. Interferon-alpha (IFN-α) reportedly induces apoptosis and inhibits growth in MM cell lines.^[@b37-1040155]^ In the 1980s, IFN-α was used as monotherapy in MM, with an overall response rate of 15-20%.^[@b38-1040155]^ In this study, we found that a series of INF-stimulated genes were upregulated in MM cells by DOT1L inhibitors, which may contribute to the drugs' anti-myeloma effects. The mechanism underlying the activation of immune response genes and INF signaling is unclear. One possible mechanism is that DOT1L inhibition causes DNA damage that leads to stimulation of IFN signaling.^[@b39-1040155]^ An earlier study reported that IRF4 functions as a repressor by binding to the IFN-stimulated response elements of several genes, including IFN-stimulated gene 15 (*ISG15*), which suggests downregulation of *IRF4* by DOT1L inhibition may have caused upregulation of *ISG15*.^[@b40-1040155]^ More recent studies showed that DNA methyltransferase inhibitors stimulate an interferon response by inducing endogenous double strand RNAs, which contribute to the antitumor effect through DNA demethylation.^[@b41-1040155],[@b42-1040155]^ It is presently unclear whether DOT1L inhibition exerts similar effects in MM cells, however.

Finally, we investigated the mechanism determining DOT1L sensitivity by focusing on two MM cell lines with different sensitivities to DOT1L inhibitors (KMS-12BM and KMS-12PE). These cell lines were both established from a 64-year-old female MM patient, KMS-12BM from bone marrow and KMS-12PE from pleural effusion.^[@b19-1040155]^ Targeted sequencing of a panel of cancer-related genes revealed that, although many of the mutations were present in both cell lines, the less sensitive KMS-12PE cells harbored mutations in the histone modifier genes *EP300, KMT2C* and *KMT2D*, which were absent in KMS-12BM cells. A recent study reported that mutations in epigenetic modifier genes were more frequently found in previously treated MM patients than in newly diagnosed patients, suggesting these mutations are associated with disease progression and chemoresistance.^[@b10-1040155]^ Thus, the mutation of epigenetic modifier genes in KMS-12PE cells may be associated with their reduced sensitivity to DOT1L inhibitors. In addition, we also noted that KMS-12PE cells express *MYC* and *IRF4* at lower levels than KMS-12BM cells, suggesting decreased dependence on the IRF4-MYC axis may lead to lower sensitivity to DOT1L inhibitors in KMS-12PE cells. It is noteworthy, however, that prolonged treatment with DOT1L inhibitors exerted suppressive effects on *IRF4/MYC* expression and cell viability in the less sensitive MM cell lines. Our results suggest that DOT1L is a promising therapeutic target in MM, and further exploration of DOT1L inhibitors for MM treatment is warranted.
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